The metallic nanoparticle paste is receiving great interests recently because it is a potential interconnect material which can perform joining at low temperature and serves at high temperature. The nano-Ag paste and nano-Cu paste have been the hot areas of research, whereas the high cost and low resistance of electrochemical migration of the former and the relatively low anti-oxidation property of the latter limit their applications. In this study, Ag-Cu alloy nanoparticles with the size of 2050 nm were synthesized with glucose as the reducing agent and NaOH as accelerator. The Ag-Cu nanoparticle paste showed no oxidation after sintering up to 350°C in the air, indicating that the antioxidant capacity was superior to that of the mechanically mixed Ag nanoparticles and Cu nanoparticles. In addition, the electrochemical migration resistance of the sintered Ag-Cu alloy pastes was better than that of the Ag nanoparticle paste. This paste can be used to effectively bond silver-plated copper bulks with maximum shear strength of 35 MPa.
Introduction
The rapid development of microelectronics has been placing increasingly greater emphasis on electronic products and systems that are more powerful, integrated, reliable and cost-effective. 1) High temperature serving is one of the particularly crucial requirements, which requests the packaging material having high service temperature. 2) As is known, nano-scale metal particle has much higher surface energy due to its particularly high ratio of surface atoms comparing with the bulk metal.
35) Ag nanoparticles can be sintered at 250°C, which is much lower than the bulk silver melting point (960°C). 69) Ag nanoparticles sintered at low temperature form micro-scaled silver layer, where the joints can provide stable connection and fine electric as well as thermal conduction.
1012) As a result, low temperature sintering and then high temperature serving can be realized. Studies in this field are mostly focused on Ag nanoparticle paste and Cu nanoparticle paste. 13, 14) However, both nano-Ag and nano-Cu pastes have their disadvantages. Silver is a relatively weak candidate against electrochemical migration, which may lead to short circuit during service. Furthermore, silver is too costly to find wide use in industry. Copper nanoparticles tend to oxidize in the air, and the strength of the copper joints is lower than that of silver.
1517) In response to the above disadvantages, this study proposed Ag-Cu alloy nanoparticle paste as one of the improved options. Firstly, the alloy nanoparticle paste was prepared by a novel process of glucose chemical reduction method and characterized. Secondly, two Ag/Ni-coated copper discs were bonded with the nano-alloy paste. The joint properties were comprehensively evaluated through combining the joint strength and the electrochemical migration resistance of the sintered counterelectrodes using nano-particle pastes followed in details.
Experimental Procedure
Ag-Cu alloy nanoparticles were synthesized by glucose (C 6 H 12 O 6 ) from AgNO 3 and Cu(NO 3 ) 2 simultaneously, while NaOH was added as accelerating agent and PVP was added as dispersing agent. The solution was heated in an oil bath to 95°C. Acetone extraction, centrifuge and stewing methods were employed to gain the resultant alloy nanoparticle paste. For comparison, Ag nanoparticle paste and Cu nanoparticle paste were prepared by polyol chemical reduction process. Oxidative stability comparison between Ag-Cu alloy nanoparticle paste and mechanically mixed Ag+Cu nanoparticle paste (mole ratio 1 : 1) was conducted by heating the pastes at 80°C, 180°C, 200°C, 250°C, 300°C, 350°C, for 10 min, respectively, in ambient atmosphere and then examining the change of the pastes using XRD.
Counter electrodes with a gap of 1 mm were formed on a glass substrate coated with the Ag and nano Ag-Cu alloy pastes. The glass plates with the coated counter electrodes were sintered at 350°C for 30 min in air. The electrochemical migration resistance of the sintered electrodes was evaluated by the water drop test (Fig. 1) . The time for short circuit of the counter electrodes with distilled water under an applied voltage of 5 V was measured. In order to compare the electrochemical migration resistance of Ag and nano Ag-Cu alloy pastes, the short circuit current was set at 1 mA.
In consideration of simulating the actual joints in electronic packaging, two Ag/Ni plated copper discs with diameter 6 mm and 10 mm, respectively, with a height of 5 mm, were used as base material. The layer of Ag-Cu alloy nanoparticle pastes was sandwiched between the two kinds of copper cylinders/discs. These discs were bonded at various processing temperatures for different periods of time under different pressures in air (called "Sintering-bonding") to evaluate the influence of the bonding parameters on sintering Ag-Cu alloy nanoparticle paste.
The microstructures and compositions of the synthesized nanoparticle pastes were observed and analyzed by X-ray diffraction (XRD), UV-vis spectrum, scanning electronic microscope (SEM) and transmission electronic microscope (TEM). The fracture surface was also observed by SEM. The average shearing strength of three disc joints under the same sintering-bonding condition were evaluated through shearing tests using the Thermal-Mechanical Simulator Gleeble 1500D with a displacement speed of 5 mm/min at room temperature. In addition, the short circuit current and time were monitored by semi-digital multimeter keithley 2000. Figure 2 shows the UV-vis spectrum of Ag-Cu alloy nanoparticles. As is shown, Ag-Cu alloy nanoparticles had specific absorb peak at 434 nm, which was in the middle of the characteristic Ag nanoparticle absorb peak (408 nm) and Cu nanoparticle absorb peak (574 nm). Instead of an evident absorb peak, a gentle slope was observed in mechanically mixed Ag+Cu nanoparticles' spectrum. This result suggests that the Ag and Cu elements in the obtained paste coexist in a nanoparticle and form an alloy structure rather than a coreshell structure, because two distinct UV absorption peaks corresponding to each element can be observed in core-shell structure. 1215) Figure 3 shows the XRD result of vacuum stored Ag-Cu alloy nanoparticle paste. Compared to standard PDF cards, TEM pictures of Ag-Cu alloy nanoparticles are shown in Fig. 4 . As can be seen from the pictures, the diameter of the nanoparticles spread from 20 nm to 50 nm. An organic shell was found to surround the nanoparticle and protect it from agglomerating with others (Fig. 4(b) ). The EDS analysis of the Ag-Cu alloy nanoparticle was done by focusing the TEM electron beam to an isolated nanoparticle. The TEM grid was pure nickel. Therefore the analyzed nanoparticle contained both silver and copper elements. Another isolated Ag-Cu nanoparticle was also analyzed and the Cu:Ag atomic ratio was 18 : 82. It indicates that the nanoparticles were either Cu rich or Ag rich. The Ag-Cu phase diagram shows limited mutual solid solubility between Cu and Ag. Although reducing material dimension could enhance the solid solubility, the solute contains in the present study still showed a remarkable higher value. It is believed that in one single nanoparticle, the phase boundary between Cu and Ag still existed. The Ag-Cu alloy nanoparticle consisted of Curich grains and Ag-rich grains.
Results and Discussions

Microstructures of the Ag-Cu alloy nanoparticle paste
3.2 Oxidative stability of the Ag-Cu alloy nanoparticle paste Figure 5 (a) shows the XRD results of Ag-Cu alloy nanoparticles after being sintered at different temperatures. 
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As can be seen, the diffraction peaks of CuO or Cu 2 O were not observable in the Ag-Cu paste sample subjected to sintering at temperatures from 180°C to 350°C, meaning that the Cu in Ag-Cu alloy nanoparticle paste was protected from being oxidized. On the other hand, the appearance of CuO peak when sintered at 80°C might be accounted for by the incomplete decomposition of organic shell leading to a reduced sintered density and the oxidation of copper as a result of copper reacting with the organic residue. Figure 5(b) shows a comparison of the resistance to oxidation between Ag-Cu alloy nanoparticles and mechanically mixed Ag+Cu nanoparticles. As is shown in the figure, Cu 2 O diffraction peak was found in the XRD result of mechanical mixed Ag+Cu nanoparticles after sintering at 350°C for 10 min, whereas no similar phenomenon was observed in the Ag-Cu alloy nanoparticles, which supports the conclusion that AgCu alloy nanoparticles appeared to be more resistant against oxidation than mechanically mixed Ag+Cu nanoparticles. It is believed that the exposure area of Cu to air accounted for this difference. For the mechanically mixed Ag and Cu nanoparticles, all of the Cu exposed to oxygen during sintering because the Cu and Ag were separated by air gap or PVP organic shell. For the Ag-Cu alloy nanoparticle, the copper at the nanoparticle surface still exposed to oxygen but the rest of Cu was insulated and protected by Ag-Cu phase boundaries in the nanoparticle. Therefore, the Ag-Cu alloy nanoparticle can also oxide but the oxides volume and extent were much lower that the mechanically mixed Ag and Cu nanoparticles. Another reason was recently proposed by Kim et al. that electron transfer from Cu to Ag within these bimetallic nanoparticles allows far better resistance to oxidation than monometallic Cu nanoparticles. 18) 3.3 Electrochemical migration resistance of the Ag-Cu alloy nanoparticle paste Figure 6 shows the results of the water-drop test. The time for short circuit (current reaching 1 mA) of Ag counterelectrodes with distilled water under 5 V was less than 60 s, while the current of Ag-Cu alloy counterelectrodes kept decreasing and never reached the short circuit current during the experiment. These results indicate that the electrochemical migration resistance of the sintered nano Ag-Cu alloy pastes is better than that of the Ag nanoparticle paste.
This different electrochemical migration resistance might result from the distinct electrode potentials of Ag and Cu. As is known, during the process of the electrochemical migration, Ag and Cu react with water under certain electric potential gradient, producing Ag 2 O and CuO, respectively. The chemical reaction equations are as follows, equations A1-A6. The silver oxide was electric conductive, making the electrochemical progress continue until short circuit occurs. Cu had a lower standard electrode potential. It is believed that the Cu element in the Ag-Cu alloy nanoparticle paste not only produced non-conducting CuO but also inhibited Ag from losing electrons. Consequently, the electrochemical migration resistance of Ag-Cu alloy nanoparticle paste was superior to that of Ag nanoparticle paste. Detail study of the electrochemical behavior of the Ag-Cu alloy nanoparticle paste will be conducted in the future.
3.4 Effects of the sintering-bonding parameters on the joints using Ag-Cu alloy nanoparticle paste The curves of the shearing strength of the joints vs the sintering-bonding temperature using nano Ag-Cu alloy paste are shown in Fig. 7 . The joints were bonded at 180°C, 200°C, 250°C, 300°C and 350°C, under 2 MPa pressure for 10 min. As can be seen, the maximum shearing strength of the joint is acquired when sinteringbonding temperature is 300°C. Figure 8 shows the fracture surface of samples sintered at different temperature. Organic shells can be found in the fracture surfaces in samples sintered at 180°C and 200°C. The joint strength peaked at 300°C bonding temperature. Most of the organic shells and reacting residue were evaporated and decomposed at 300°C. The nanoparticles sintered layer became dense, leading to effective joints with the average joint shear strength of 33 MPa and maximum strength of 45 MPa. Figure 9 shows the effect of bonding pressure on the joint strength. The bonding temperature and time kept constant at 250°C and 10 min, while the bonding pressure varied between 0 and 10 MPa. When sintered under 0 MPa, no joint strength can be achieved. The maximum shearing strength peaked under applied pressure 2 MPa. When the pressure exceeded 5 MPa, the joint strength dropped because the nanoparticle paste was squeezed to the edge of the joints. Figure 10 shows the effect of bonding time on the joint strength when sintered at 250°C under 5 MPa. Increased holding time resulted in more complete evaporation and decomposition of organic shells and organic residue, higher density of the sintering layer as well as shearing strength.
Conclusion
(1) Ag-Cu alloy nanoparticle paste was successfully synthesized by reducing AgNO 3 and Cu(NO 3 ) 2 with glucose as reducing agent and NaOH as accelerate agent. The diameter of the nanoparticles ranged from 20 nm to 50 nm. (2) Ag-Cu alloy nanoparticle paste acquired by our method showed no oxidization when heating at 350°C for 10 min. Its oxidation resistance was superior to that of mechanically mixed Ag+Cu nanoparticle paste. (3) The electrochemical migration resistance of the sintered nano Ag-Cu alloy pastes had an advantage over that of the Ag nanoparticle paste. (4) The maximum shear strength was obtained under the following parameters: 300°C, 10 min, 2 MPa. Prolonging heating time generated stronger joints.
